, "Distinguishing benign and malignant breast tumors: preliminary comparison of kinetic modeling approaches using multi-institutional dynamic contrast-enhanced MRI data from the International Breast MR Consortium 6883 trial," J. Med. Imag. Abstract. Comparative preliminary analysis of dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) data collected in the International Breast MR Consortium 6883 multicenter trial was performed to distinguish benign and malignant breast tumors. Prebiopsy DCE-MRI data from 45 patients with suspicious breast lesions were obtained. Semiquantitative mean signal-enhancement ratio (SER mean ) was calculated for all lesions, and quantitative pharmacokinetic, parameters K trans , k ep , and v e , were calculated for the subset with available T 1 maps (n ¼ 35). Diagnostic performance was estimated for DCE-MRI parameters and compared to standard clinical MRI assessment. Quantitative and semiquantitative metrics discriminated benign and malignant lesions, with receiver operating characteristic area under the curve (AUC) values of 0.71, 0.70, and 0.82 for K trans , k ep , and SER mean , respectively (p < 0.05). At equal 94% sensitivity, the specificity and positive predictive value of SER mean (53% and 63%, respectively) and K trans (42% and 58%) were higher than clinical MRI assessment (32% and 54%). A multivariable model combining SER mean and clinical MRI assessment had an AUC value of 0.87. Quantitative pharmacokinetic and semiquantitative analyses of DCE-MRI improves discrimination of benign and malignant breast tumors, with our findings suggesting higher diagnostic accuracy using SER mean . SER mean has potential to help reduce unnecessary biopsies resulting from routine breast imaging.
Introduction
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is a noninvasive imaging method performed by serial acquisition of heavily T 1 -weighted images before, during, and after an intravenous injection of a contrast agent. 1 As contrast agent perfuses into the tissue of interest (TOI), it affects the native longitudinal relaxation times, and thus signal intensity, to a degree determined by the delivery, accumulation, and washout of the contrast agent. DCE-MRI is an integral part of a standardof-care breast MRI exam. In the clinical setting, greater emphasis is placed on acquiring high spatial resolution data to maximize ability to assess anatomic and morphologic detail, at the expense of temporal resolution. 2 Under this constraint, the breast lesion signal intensity-time course [at either the voxel or region of interest (ROI) level] is generally assessed only qualitatively or semiquantitatively. [3] [4] [5] However, if high temporal resolution data are acquired, quantitative analysis 6,7 using pharmacokinetic models 8, 9 can also be performed to assess specific tissue properties, including blood flow, vascular permeability, and tissue extracellular volume fractions. 10 The American College of Radiology (ACR) MRI Breast Imaging Reporting and Data System (BI-RADS) lexicon has become the standardized methodology to assess the likelihood of malignancy for MRI-detected lesions. BI-RADS combines morphologic feature analysis, including lesion type, shape, and margin, and internal enhancement pattern, with qualitative assessment of enhancement kinetics of initial uptake and delayed enhancement curve shape. 2 Contrast-enhanced MRI of the breast has a high sensitivity for breast cancer detection and is the most sensitive technique for screening high-risk women and detecting contralateral 15 or multifocal disease 16 in patients with recently diagnosed breast cancer. However, overlap in BI-RADS clinical MRI assessment of benign and malignant breast lesions using DCE-MRI produces high false positive rates and leads to unnecessary biopsies of many benign lesions.
It is well-established that assessment of DCE-MRI enhancement kinetics can help differentiate between benign and malignant breast lesions. 6, 17, 18 Semiquantitative analysis of DCE-MRI signal intensity over time (e.g., peak enhancement and washout slope) has been adopted in many commercially available computer-aided diagnosis systems and often used for clinical reading of breast MRI exams. More rigorous quantitative pharmacokinetic analysis techniques have shown potential to further improve the ability to distinguish benign from malignant breast lesions. 8, 9 Comparison of the diagnostic accuracy between quantitative and semiquantitative analyses of breast DCE-MRI data is needed to justify clinical implementation of quantitative DCE-MRI, which requires high temporal resolution data acquisition in addition to more complex data analysis. However, this comparison has not previously been performed on the same datasets from the same patient cohort, primarily because most published studies utilized clinical DCE-MRI data acquired with low temporal resolution, which is not suitable for pharmacokinetic analysis. In this study, we performed preliminary retrospective analysis of high temporal resolution breast DCE-MRI data collected from women with suspicious breast lesions enrolled in the International Breast MR Consortium (IBMC) multi-institutional 6883 trial. 17, 19 This dataset provides the unique opportunity to compare quantitative pharmacokinetic and semiquantitative analyses of DCE-MRI data collected over multiple sites and imaging platforms and allows for further comparison with clinical MRI assessment for breast cancer diagnostic accuracy. Specifically, a semiquantitative analysis based on signal-enhancement ratio (SER) 20 was compared to quantitative Tofts model 10 -based on pharmacokinetic analysis of the same datasets to evaluate their respective abilities to distinguish between benign and malignant breast lesions.
Materials and Methods

Patients and Breast Lesions
This retrospective study used data from the IBMC 6883 trial 17, 19 obtained through the American College of Radiology Imaging Network (ACRIN). IBMC 6883 was a prospective multicenter investigation conducted at multiple university hospitals in both North America and Europe. The purpose of the trial was to determine the accuracy of breast MRI for detection of breast cancer in patients with suspicious findings from mammography or clinical exams. The study protocol was approved by the institutional review board or ethics committees of all participating institutions, and informed consent was obtained from all participants. To protect participant's privacy and data confidentiality, all study data were deidentified by ACRIN in accordance with the HIPAA Privacy Rule.
The 6883 trial enrolled women referred for breast biopsy due to an initial presentation of a suspicious or highly suggestive of malignancy mammographic and/or ultrasound finding, or suspicious clinical (palpation) evaluation. MRI examinations were performed prior to breast biopsy, or any procedural or therapeutic interventions. All women first underwent a high spatial resolution three-dimensional (3-D) MRI examination of the breast to assess the suspicious lesion, which included precontrast T 2 -and pre-and postcontrast T 1 -weighted images. 19 Clinical MRI assessment of the 3-D high spatial resolution images was performed by applying a BI-RADS equivalent categorization to evaluate the probability for malignancy (i.e., 1-negative, 2-benign, 3-probably benign, 4-suspicious, or 5-highly suggestive of malignancy). We note, though, the data collection and interpretation preceded publication of the ACR breast MRI BI-RADS lexicon.
2 Clinical interpretations were made at each site, blinded to pathology results. Patients with focal enhancing abnormalities were asked to return 18 h or more after the first MRI examination for a high temporal resolution DCE-MRI examination (also before biopsy). For this retrospective study, high temporal resolution DCE-MRI, clinical, and pathological data with histologic assessments of benign and malignant status were made available to the authors by ACRIN for a small set of 45 patients with suspicious lesions, which were collected from 3 of the 14 participating sites (see Table 1 ). Of the 45 patients, 35 examinations included the appropriate precontrast T 1 maps required for quantitative pharmacokinetic analysis. This unique dataset allows for undertaking of both quantitative and semiquantitative analysis of the same DCE-MRI datasets acquired across multiple sites, with clinical and histology assessments available for comparison and correlation.
High Temporal Resolution Breast DCE-MRI Acquisition
As previously reported, 17 all MRI examinations were performed at 1.5 T using a dedicated breast coil. The high temporal resolution DCE-MRI examination for characterization of a previously identified breast lesion included a precontrast T 1 mapping sequence using progressive saturation and high temporal resolution two-dimensional (2-D) DCE-MRI (see Table 2 for detailed scan parameters). For DCE-MRI, images were centered on the focal abnormality and initiated at the same time as the start of the intravenous administration of 0. Figure 1 shows the representative images from a subject with a pathologically proven benign lesion (clinical MRI assessment score 4) and the associated signal intensity-time curve measured from the lesion.
DCE-MRI Data Analysis
In the original 6883 trial, lesion DCE-MRI kinetics was evaluated with maximum enhancement ratio and classification of shape of the signal intensity-time curve as persistent, plateau, or washout. For this study, we further calculated quantitative metrics derived from pharmacokinetic modeling and semiquantitative signal intensity metrics that have previously shown potential to improve lesion characterization. 8, 21, 22 The whole tumor volume was first segmented by manually drawing an ROI of the breast tissue, conservatively surrounding the enhancing tumor on each tumor slice. To refine the selection of the tumor voxels, the percent enhancement of each voxel was used, defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 5 6 8 Percent enhancement
where S pre ð¼ S 0 Þ and S post were the precontrast (t 1 ) and averaged postcontrast (t 3 to the last DCE time point) signal intensity, respectively. Tumor voxels selected for subsequent analysis were those within the ROI with percent enhancement >50%.
Semiquantitative SER analysis
The SER was calculated for each tumor voxel as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 4 3 8 SER ¼
where S 1 is the initial peak signal intensity, S 0 is the precontrast signal intensity (¼S pre ), and S 2 is the signal intensity at the last time point. Six parameters related to the SER were estimated for each lesion: 21, 23 SER mean , N SERtotal , N SERpartial , N SERwashout , %SER washout , and SER peak (see Table 3 for definitions of these parameters).
S 1 was selected at time point 7 (i.e., t 7 , corresponding to 105 s after initiation of contrast injection) for calculation of SER metrics, as this timing most closely approximates the initial postcontrast time point utilized in standard-of-care clinical breast MRI protocols (typically centered 90 to 120 s after contrast injection). 24 That is, t 7 is approximately when clinical protocols typically acquire their postcontrast, high spatial resolution image to display peak contrast enhancement for image interpretation. Further exploratory analysis was also performed to investigate the influence of the selection of the S 1 time point on diagnostic accuracy of the SER mean metric by varying the S 1 timing between t 3 (45 s) and t 11 (165 s).
Quantitative pharmacokinetic analysis
As precontrast T 1 maps were not available from 10 patients in this cohort, only 35 of the 45 patients were evaluated using pharmacokinetic analysis. To perform quantitative pharmacokinetic modeling analysis of DCE-MRI data, determination of the time course of the contrast concentration in the blood plasma C p [arterial input function (AIF)] is required. While there are several commonly employed methods for obtaining the AIF, [25] [26] [27] [28] these were not amenable to this particular dataset because an individual or population-based AIF was not measurable from the DCE-MRI data. Thus, we employed a Tofts model-based reference region (RR) model 29, 30 to estimate the pharmacokinetic parameters. The RR model establishes a relationship between the concentrations of contrast agent in the TOI and the RR (denoted as C TOI and C RR , respectively) as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 1 3
where R ≡ K trans;TOI ∕K trans;RR , K trans;TOI , and K trans;RR are the volume transfer rates for the TOI and RR, respectively, and v e;TOI and v e;RR are the extravascular extracellular volume fractions of the TOI and RR, respectively. In the present study, the RR ROI was drawn manually in the chest wall muscle to establish the C RR time course. The values of K trans;RR and v e;RR were assumed to be 0.15 min −1 and 0.12, respectively. 31-33 C TOI ðtÞ and C RR ðtÞ, which were estimated directly from the DCE-MRI data using the linear relationship between contrast agent concentration and (1∕T 1 ), were then input into Eq. (3) to estimate the values of K trans;TOI , v e;TOI , and the efflux rate constant k ep;TOI (¼ K trans;TOI ∕v e;TOI ), using a standard curve-fitting procedure in MATLAB ® (MathWorks, Natick, Massachusetts). The mean parameter value from all tumor voxels was quantified. For simplification of tumor parameters, K trans;TOI , k ep;TOI , and v e;TOI are denoted as K trans , k ep , and v e , for the remainder of the paper.
Statistical Analysis
The nonparametric Wilcoxon rank sum test was used to assess differences in imaging parameters between benign and malignant lesions. Univariable and multivariable logistic regression modeling was performed to identify parameters that accurately diagnosed malignancy. Model performance was compared by receiver operating characteristic (ROC) curve analysis and calculation of areas under the ROC curves (AUCs). Cutoff points and corresponding sensitivities, specificities, positive predictive values (PPV), and negative predictive values (NPV) were evaluated for a minimum sensitivity requirement of 94%, corresponding to the observed sensitivity of the clinical MRI assessment benchmark (BI-RADS ≥ 4) in this 45-patient cohort. Comparison of AUCs was conducted with the DeLong-DeLong statistical test. 34 Statistical significance was defined as p < 0.05 Figure 2 shows the representative parametric maps of the signal intensity metrics of SER mean ðt 7 Þ and pharmacokinetic parameters of K trans , k ep , and v e overlaid on the postcontrast images of a benign and malignant lesion.
SER Signal Intensity Assessment
For all SER calculations, S 1 was selected at time point 7. Of the six SER-related metrics, only SER mean showed significant differentiation between benign (median ¼ 0.64 and range ¼ 0.16 to 1.34) and malignant lesions (median ¼ 0.87, range ¼ 0.61 to 1.43, and p ¼ 0.0001), yielding an AUC of 0.82 (Table 4 ). Figure 3 shows the scatter SER mean ðt 7 Þ plots and mean values for the benign and malignant lesions [ Fig. 3(a) ] with the corresponding ROC analysis [ Fig. 3(b) ].
Influence of S 1 Timing for SER mean Assessment
As a secondary analysis, we evaluated the influence of S 1 timing on the SER mean value and found that SER mean ðt 7 Þ also provided the highest AUC, although differences were minimal for S 1 time point between t 5 (75 s) and t 11 (165 s) with all resulting AUC values >0.75 (Table 5 ). This suggests that diagnostic performance of SER is optimal after the first minute of contrast injection (S 1 > 60 s). To further evaluate SER mean , S 1 was assigned to be the peak intensity for each lesion between 90 (t 6 ) and 120 (t 8 ) s; this resulted in an AUC of 0.79. The diagnostic performances of the other SER metrics also did not improve by altering the S 1 timing. Additionally, to mimic the temporal resolution of typical clinical protocols, we have also evaluated the SER mean with the S 1 value set to be the average of t 6 to t 8 time points (simulating 45-s temporal resolution) and the average of t 3 to t 9 (simulating 90-s temporal resolution). The associated ROC analyses comparing benign and malignant lesions resulted in AUC values of 0.78 (p ¼ 0.001) and 0.79 (p ¼ 0.001), respectively. These results justified the selection of SER mean ðt 7 Þ for further comparative and correlative analyses.
Quantitative Pharmacokinetics Assessment
A summary of the pharmacokinetic parameters for the 35 lesions where quantitative analysis was performed is shown in Table 6 Figure 4 shows the scatter plots and the mean quantitative pharmacokinetic parameter values for the benign and malignant lesions.
Spearman's correlation analysis within this subcohort showed both K trans and k ep metrics to be significantly correlated with the SER mean ðt 7 Þ parameter ( Table 7) .
Preliminary Comparison of Diagnostic Accuracy
Among SER, Pharmacokinetic Parameters, and Clinical MRI Assessment
The diagnostic performances of SER mean ðt 7 Þ and pharmacokinetic parameters were estimated and compared with clinical MRI assessment within the N ¼ 35-patient subcohort. For clinical MRI assessment, the standard positive criteria of BI-RADS ≥ 4 were used, which produced a sensitivity of 94%. For comparison of diagnostic performance, cutoffs for the kinetics variables were selected to achieve the similar condition of 94% or greater sensitivity. At 94% sensitivity, the associated specificities of clinical MRI assessment, SER mean ðt 7 Þ, K trans , and k ep were 32%, 53%, 42%, and 32%, respectively (Table 8) . In this cohort, both the specificity and PPVof SER mean ðt 7 Þ (53% and 63%) and K trans (42% and 58%) appeared to be higher than that of standard-of-care clinical MRI assessment (32% and 54%). SER mean ðt 7 Þ had the highest NPV of 91%, followed closely by K trans (89%). The ROC curves for SER mean ðt 7 Þ, pharmacokinetic modeling parameters, and clinical MRI assessment are shown together for comparison in Fig. 5 .
Interestingly, of the 13 false positives rendered by clinical MRI assessment, three (23%) were correctly identified as benign by both K trans and SER mean . Additionally, there were 4 of these 13 cases (31%), in which only SER mean correctly identified the lesions as benign, and one case (8%), in which only K trans correctly identified the lesion as benign. The diagnostic performance of SER mean ðt 7 Þ was further compared with clinical MRI assessment for the full N ¼ 45-patient cohort, with AUC values of 0.82 and 0.72, respectively. At 94% sensitivity, the specificity/PPV/NPV of clinical MRI assessment and SER mean ðt 7 Þ was 25%/53%/86% and 50%/63%/92%, respectively. Although the AUC for SER mean ðt 7 Þ was higher 
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Multivariate Modeling
In the multivariable logistic regression analysis within the 35-patient cohort where all kinetic parameters were available, only SER mean ðt 7 Þ and clinical MRI assessment were independently predictive of malignancy (p ¼ 0.0014 and 0.002, respectively). ROC analysis showed that a model combining the two parameters yielded an optimal performance to distinguish benign and malignant tumors, with an AUC of 0.87. At 94% sensitivity, the specificity/PPV/NPV of the combined model was 58%/65%/92%. Similar diagnostic performance was achieved when data from the full 45-patient cohort were used to generate the two-parameter model (AUC ¼ 0.87). Furthermore, the multivariable assessment showed significant improvement compared to clinical assessment alone when comparing the two ROC curves (p ¼ 0.002).
Discussion
Improving the diagnostic accuracy of MRI has the potential to reduce unnecessary biopsies of benign breast lesions and, thereby, decreases costs and morbidity associated with these invasive biopsy procedures. Numerous single-center studies have reported improved differentiation of benign or malignant lesions using DCE-MRI kinetic information. [5] [6] [7] [8] [9] 35 In this preliminary study, we report both semiquantitative signal intensity-based analysis and pharmacokinetic model-based analysis of DCE-MRI data collected in the multisite IBMC 6883 trial from women with suspicious breast tumors found by screening mammography, ultrasound, or clinical examination. Specifically, the ability to distinguish benign and malignant breast lesions was evaluated and compared for the semiquantitative SER metric, model-based pharmacokinetic parameters, and clinical MRI assessment (based on the conventional high spatial, but low temporal resolution DCE-MRI scans) within the same cohort.
The parameter SER mean provided the highest AUC among all the metrics for distinguishing begin versus malignant tumors. Moreover, at 94% sensitivity, SER mean provided substantially higher specificity than clinical MRI assessment, K trans , and k ep . This approach provides a promising method for DCE-MRI evaluation of suspicious breast lesions and, compared to the pharmacokinetic analysis approach, is simpler and more straight-forward for implementation in routine clinical practice. While the high temporal resolution IBMC 6883 datasets allowed investigating a wide range of semiquantitative SER features and timings, our results suggested that standardizing the SER mean calculation with S 1 obtained at postcontrast timing comparable to that of the first postcontrast image frame in standard clinical protocols (∼105 s after initiation of contrast injection) could achieve optimal diagnostic performance. Although the available pool of semiquantitative features has higher dimensionality than would be available clinically, as analyses of multiple SER parameters and various S 1 time points were performed in this study, the robust performance of SER mean across a range of time points selected for S 1 quantification supports its potential for future clinical translation. Furthermore, only modest performance differences were observed when varying the timing of S 1 between 75 and 165 s, further supporting the robustness and translatability of SER mean as a diagnostic marker across a variety of clinical imaging protocols. To facilitate the use of the SER mean method in clinical practice, where breast DCE-MRI is generally performed with high spatial but low temporal resolution, future work is needed to directly compare SER mean diagnostic performance from high temporal resolution DCE-MRI data with that from low temporal resolution data. This preliminary study corroborates other studies that have shown the signal intensity parameter, SER, to be significantly different between benign and malignant lesions. 36, 37 Abe et al. 38 and Jansen et al. 37 each reported SER to achieve diagnostic performance comparable to clinical assessment. Additionally, Karahaliou et al. 39 demonstrated that the predictive value of the SER map can be further improved by extracting texture information.
Our analysis of the multisite IBMC trial data is also consistent with previous single-center studies 8, 9 showing that DCE-MRI pharmacokinetic parameters (K trans and k ep ) extracted from DCE-MRI hold diagnostic value as markers for breast cancer, while v e does not. Huang et al. 8 performed pharmacokinetic quantitative modeling of high temporal resolution DCE-MRI data from 92 mammography occult but MRI-visible lesions (from 89 high-risk patients) and the diagnostic specificity reached 98.6% at 100% sensitivity using pharmacokinetic parameters as diagnostic markers. Our study also provides support for the use of the RR method as a valid approach for quantitatively modeling of DCE-MRI data that were collected with protocols not specifically designed for pharmacokinetic analysis, such as acquisitions lacking coverage of a visible artery. Our results indicate that DCE-MRI parameters of K trans and SER mean reflect unique underlying biology in tissue microvascular properties, as they primarily measure the uptake and delayed phases of the contrast kinetics, respectively, and were only moderately correlated.
All 45 lesions included in this study were found suspicious by mammographic and/or sonographic assessments, or clinical exams, and referred for biopsies as per standard of care. However, histological assessment found only 21 were malignant, demonstrating a relatively low PPV of 47% (21/45) for these standard diagnostic techniques. The complete datasets from the IBMC 6883 trial showed that breast MRI can improve breast cancer diagnostic accuracy compared to standard-of-care mammography, ultrasound, or clinical exam. 19 Our preliminary findings from a small subset of the IBMC 6883 data further show that both semiquantitative and quantitative pharmacokinetic analysis of high temporal resolution DCE-MRI data can further improve the specificity and PPV over conventional clinical breast MRI assessment. Reducing false positives from conventional breast MRI interpretation and consequently the number of unnecessary biopsies could potentially make MRI cost-effective for screening women diagnosed with suspicious lesions and referred for biopsies based on standard imaging methods and/ or clinical exams.
One limitation of our study is its exploratory nature. As such, we did not incorporate adjustments for multiple comparisons or use an independent dataset to confirm the primary study findings. However, we note that the p-value associated with SER mean for discriminating between benign and malignant lesions (p ¼ 0.0001) would remain statistically significant after a Bonferroni correction. Regardless, our preliminary findings require confirmation in a larger cohort. Conversely, this work does provide some unique insights into the relative diagnostic performance and robustness of the different DCE-MRI metrics to guide future studies. The limited sample size did not allow for comparison of kinetics features within histologic subtypes, direct statistical comparisons of diagnostic accuracy among different kinetics features, and the site effect could not be adjusted. Therefore, it is possible that site variations weakened, obscured, or exaggerated some associations. Additionally, precontrast T 1 maps were acquired for only 35 of the 45 datasets available, constraining the comparison between signal intensity metrics and pharmacokinetic modeling approaches to only the 35 subject subcohort. Image acquisition was not uniform across all MRI datasets as examinations were performed across different scanner platforms, which could cause variations in analyses.
Finally, the dynamic imaging data in this retrospective analysis were collected more than a decade ago. Recent advances in MRI technologies can now allow for simultaneous high temporal and high spatial DCE-MRI acquisitions, which would further facilitate clinical translation of quantitative kinetics analysis, but would not likely affect the results of SER calculations reported in this study. Despite these limitations, this preliminary study demonstrates the potential ability of semiquantitative and quantitative analysis of DCE-MRI data to distinguish benign and malignant breast lesions across multiple sites and imaging platforms.
Conclusions
In summary, this preliminary study investigated the comparative utility of quantitative pharmacokinetic modeling and semiquantitative signal intensity analysis of DCE-MRI for distinguishing benign and malignant breast lesions, using a retrospective dataset acquired across multiple institutions and scanner platforms. Our preliminary findings suggest that incorporating SER mean into clinical breast MRI interpretations may hold potential to improve lesion diagnostic accuracy. This has potential in the future to reduce unnecessary biopsies of benign lesions while retaining the high sensitivity of breast MRI for detection of malignancy. Further work is needed to validate these results with a larger prospective cohort and/or by meta-analysis of data from smaller independent studies.
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